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Abstract 
Nb-22Ti-14Si-2Hf-2Al-xCr (x=2, 6, 10, 14, 17 at	) alloys are prepared by arc-melting under argon atmosphere. Microstruc-
tural characteristics, mechanical properties and oxidation resistance of the arc-melted alloys are investigated. At 2 at	 Cr content, 
the microstructure is composed of Nbss, Nb3Si and a small quantity of Nb5Si3, when the Cr contents increase, Nb3Si disappears. 
For the high Cr content (x  10 at	) alloys, besides the Nbss and Nb5Si3, Cr2Nb is also detected. With the increase of Cr content, 
the volume fractions of Cr2Nb and Nb5Si3 increase, while that of Nbss increases firstly and then begins to degrade when the Cr 
content is higher than 6 at	. For the alloy with 2 at	 Cr, the room temperature fracture toughness is about 14.5 MPa·m1/2, but 
badly decreases to about 8.5 MPa·m1/2, when the Cr contents increase. Vickers hardness of Nbss tends to increase linearly from 
about 400 to 500, while that of silicides is not sensitive to Cr contents, about 950. The appearance of Cr2Nb phase significantly 
improves the high temperature oxidation resistance of the alloys with high Cr contents.The isothermal oxidation tests show that 
the oxidation kinetics of the alloys with various Cr contents follows parabolic oxidation kinetics. 
Keywords: arc-melted alloys; Nb-Si alloys; microstructure; mechanical properties; oxidation resistance 
1. Introduction1 
With the development of aeronautics and astronaut-
ics technologies, the thrust weight ratio of engine is 
increasing. However, increases in the temperature ca-
pability of Ni-based superalloys will be very difficult 
because their temperature is about 85	 of its melting 
temperature [1-3]. Therefore advanced metallic structural 
alloys bearing ultra-high temperatures are urgently 
needed [4]. Recently, Nb-Si alloys have attracted much 
attention because of their lower density, much higher 
melting temperatures and excellent high temperature 
strength [5-8]. Unfortunately, the better balance of the 
room temperature fracture toughness, high temperature 
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creep strength and oxidation resistance has not been 
achievedˈ and wide actual application has been 
handicapped thereby. Zelenitsas and Tsakiropoulos 
studied the role of Al and Cr additions in the micro-
structure of Nb-Ti-Si in situ composites, which re-
ported that the Cr additions in Nb-24Ti-18Si-5Al with 
Cr/Al 1 caused the formation of the C14 Laves phase 
Cr2Nb [9]. It was reported that the addition of Cr raises 
the brittle-to-ductile transition temperature (BDTT), 
for example, 2 at % Cr addition raises the BDTT from 
200 °C to 100 °C [10]. Unfortunately, the effects of 
Cr additions on the oxidation resistance and mechani-
cal properties were not reported. The addition of Cr 
can effectively improve the oxidation resistance of the 
Nb-Si alloys while mechanical properties will be im-
pacted. In order to guarantee excellent mechanical 
properties, Nb-22Ti-14Si-2Cr-2Al was chosen as the 
base composition, then 2 at%, 6 at%,10 at%, 14 at% 
and 17 at% Cr were respectively added by substitution 
of Nb. Effects of various amounts of Cr on the micro-Open access under CC BY-NC-ND license.
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structure, mechanical properties and oxidation resis-
tance were studied in this paper. 
2. Experimental 
Five alloy ingots with nominal compositions of 
Nb-22Ti-14Si-2Cr-2Al-xCr (x=2, 6, 10, 14, 17 at%) 
were prepared by non-consumable arc-melting under 
an argon atmosphere. Each ingot was re-melted four 
times in order to ensure chemical homogeneity. X-ray 
diffraction (XRD) was used to identify the phases pre-
sent in the alloys. The microstructure was observed by 
scanning electron microscopy (SEM), and the chemical 
compositions of the constituent phases were analyzed 
by electron-probe microanalysis (EPMA) using a  
JEOL JXA 8100 super-probe equipped with wave-
length dispersive X-ray (WDX) spectrometers. The 
crystal structures of individual phases were identified 
by matching the characteristic XRD peals against 
JCPDS data. The volume fraction of the constituent 
phases was measured by differentiating the phases us-
ing the backscattered electron (BSE) contrast, and the 
quantitative metallography was performed in Leica 
Quantimet 500. These values are the averages of six 
measurements for each alloy. The Vickers microhard-
ness of the specimens was measured using an 
HXP-1000TM hardness machine with a load of 0.98 N. 
3. Results and Discussion 
3.1.  Constituent phases and microstructure 
  Figure 1 shows the X-ray diffractograms of the al-
loys studied in this work. It can be seen that the micro-
structure of the alloys is mainly composed of niobium 
solid solution (Nbss) and Nb3Si / Nb5Si3, and Cr2Nb 
appears in the alloys with Cr above 10 at%. With the 
increase of Cr contents, silicides gradually change 
from Nb3Si to Nb5Si3. This suggests that Cr can benefit 
the decomposability of Nb3Si and stabilize Nb5Si3. The 
Nb5Si3 is found to be the tetragonal ĮNb5Si3 according 
to the peaks in the JASD cards.  
 
Fig. 1  X-ray diffractogram of the arc-melted Nb-22Ti- 
14Si-2Hf-2Cr-xCr as a function of Cr content. 
 
Figure 2 presents the SEM imagines of the arc- 
melted alloys. The bright phase is determined to be 
Nbss dendrites, the gray phase corresponds to silicides 
Nb3Si or Nb5Si3, and the dark phase is Cr2Nb, as 
shown by the arrows in Fig. 2. For the alloy with 2 at% 
Cr, the microstructure consists of Nb3Si blocks, Nbss 
dendrites and Nbss+Nb5Si3 lamellar structure (Fig. 
2(b)). When the Cr content is greater than or equal to 6 
at%, Nb3Si blocks and lamellar structure disappear. For 
the alloy with 6 at% Cr, the microstructure is com-
posed of Nbss dendrites, Nb5Si3 blocks and chry-
santhemum like eutectic cell. When the Cr content 
continues increasing, the morphology of the eutectic 
obviously changes and Cr2Nb phase appears; the aver-
age dimensions of Nbss dendrites tend to decrease, 
while that of Nb5Si3 or Cr2Nb blocks increases obvi-
ously; the morphology of Nb5Si3 tends to change from 
small blocks to large long plates. The addition of Cr 
can change the composition from hypoeutectic to 
hypereutectic. The microstructure characteristic of the 
alloys with Cr above 14 at% shows typical hypereutec 
 




Fig. 2  As-cast microstructures of b-22Ti-14Si-2Hf-2Cr-xCr 
alloys with various Cr additions. 
tic microstructure which contains primary Nb silicides. 
It should be noted that there is solute segregation dur-
ing the ingot solidification, and the boundary of Nbss 
dendrites has higher Ti contents. 
Volume fractions of the constituent phases of the 
arc-melted Nb-22Ti-14Si-2Hf-2Cr-xCr alloys are ob-
tained by abundant quantitative analysis, as shown in 
Fig. 3. It should be noted that the values of volume 
fractions of the Nbss in alloys may be a little lower 
than the actual value as under BSE condition the con-
trast between Ti-rich Nbss and Nb5Si3 is almost the 
same. It can be seen that the volume fractions of Nb5Si3 
and Cr2Nb increase, while that of Nbss decreases with 
increasing Cr contents. This indicates that the volume 
fractions, morphologies and dimensions of constituent 
phases are changed because of the Cr addition.  
Table 1 shows the energy-dispersive X-ray analysis 
EDXA results of the Nbss in different alloys. It is ob-
vious that the concentrations of Cr in Nbss increase 
with increasing Cr contents. When this value reaches 
about 14 at%, the solubility does not increase. It is re-
ported that the solubility of Cr in Nbss is correlative to 
the Ti concentration. The solubility of Cr in Nbss is 
about 14 at% when 22 at% Ti is added to the 
Nb-22Ti-14Si-2Hf-2Cr-xCr alloys. The crystal lattices 
of Nb in the alloys with various Cr additions are listed 
in Table 2. It can be seen from Table 2, with the in-
crease of Cr concentration, the crystal lattices of Nbss 
decrease. For the high Cr content alloys, the crystal 
lattices of Nbss are similar, about 0.26 nm which is 
lower than that of Nbss in the low Cr content alloys. 
The decrease of crystal lattices mainly attributes to the 
increase of Cr concentration in Nbss, about 14 at%. 
The crystal lattices of Nbss are independent of the Cr 
addition when the solubility of Cr in Nbss is saturated. 
 
Fig. 3  Volume fractions of constituent phases of Nb-22Ti- 
14Si-2Hf-2Cr-xCr alloys with various Cr additions. 
Table 1 Chemical composition of Nbss in the Nb-22Ti- 
14Si-2Hf-2Cr-xCr alloy 
Alloy Nb Si Cr Ti Al Hf 
2Cr 64.03 2.30 0.54 26.84 3.10 3.19
6Cr 72.50 2.35 3.80 17.64 2.49 1.22
10Cr 54.27 1.86 14.56 26.46 1.54 1.29
14Cr 57.08 0.90 14.39 24.00 2.59 1.04
17Cr 57.85 2.03 14.40 23.25 1.54 1.29
Table 2  Crystal lattices of Nbss in the alloys with vari-
ous Cr additions 
Alloy 2Cr 6Cr 10Cr 14Cr 15Cr 
Crystal 
lattice/nm 0.290 5 0.275 6 0.259 0 0.257 8 0.254 5
3.2.  Mechanical properties 
3.2.1.  Fracture toughness  
The fracture toughness of alloys is determined by 
three-point bending test. The specimen dimensions are 
30 mm in length, 6 mm in width and 3 mm in thickness, 
with a ~3 mm notch fabricated by electro discharge 
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machining (EDM). Figure 4 shows the fracture tough-
ness of Nb-22Ti-14Si-2Al-2Hf-xCr alloys as a function 
of Cr content at room temperature. In general, the room 
temperature fracture toughness decreases with increas-
ing volume fraction of Nb5Si3 and Cr2Nb. Since the Cr 
addition increases, the volume fractions of Cr2Nb and 
Nb5Si3 increase, which results in the decrease of the 
fracture toughness. It can be seen that there is a liner 
relationship between the fracture toughness and Cr 
content in the alloys. There are several reasons for the 
decrease of the fracture toughness: first, the volume 
fraction of brittle phase such as Nb5Si3 and Nb3Si in-
creases; second, the dimension of Nbss dendrites de-
creases while that of the brittle phase increases; third, 
the concentration of Cr in Nbss raises BDTT. It is re-
ported that a 2 at% Cr addition raises the BDTT from 
200 °C to 100 °C. 
 
Fig. 4  Room temperature fracture toughness of alloys with 
various Cr contents. 
3.2.2  Vickers hardness 
Vickers hardness measurements are conducted at the 
constituent phases in all the arc-melted alloys. At least 
six points are measured for each case and the results 
are summarized in Table 3. It can be seen that the 
hardness of Nbss is slightly increased by the Cr addi-
tion, while that of silicide phase is not sensitive to Cr 
content. Cr dissolves in Nbss phase resulting in solid 
solution strengthening. 
Table 3  Vickers hardness of constituent phases in alloys 
with various Cr additions 
Phase 2Cr 6Cr 10Cr 14Cr 16Cr
Nbss 414 404 446 490 487 
Nb5Si3/Nb3Si 924  1 039 950 976 
3.3. Oxidation resistance 
The oxidation rates of all the alloys are measured at 
1 250 °C in static air. Results of the thermo-gravimetric 
studies are shown in Fig. 5, where the weight change is 
plotted as a function of time. It is worth noting that the 
alloy with 6 at% Cr exhibits the highest weight gain. 
 
Fig. 5  Isothermal oxidation behavior of alloys with various 
Cr additions in static air at 1 250 °C. 
Both 2 at% and 6 at% Cr addition alloys show very 
poor oxidation behavior at 1 250 °C due to the lack of 
Cr2Nb phase. The alloys with higher Cr contents show 
better oxidation resistance for the appearance of Cr2Nb. 
And after oxidation for 100 h, the weight change of the 
alloy with 17 at% Cr is about 60 mg/cm2. The isother-
mal oxidation tests show that the oxidation kinetics of 
alloys with various Cr additions tends to follow para-
bolic oxidation kinetics. It suggests that effects of Cr 
on the high temperature oxidation resistance are very 
significant. 
4. Conclusions 
1) With the increase of Cr addition, the dimensions 
of Nbss dendrites tend to decrease, while that of Nb5Si3 
or Cr2Nb blocks increases obviously; the volume frac-
tions of Cr2Nb and Nb5Si3 increase, while that of Nbss 
decreases. 
2) With the increase of Cr addition, the room tem-
perature fracture toughness of alloys decreases linearly. 
3) The hardness of Nbss is slightly increased by the 
Cr addition, while that of silicide phase is not sensitive 
to Cr content.  
4) The increase of Cr content improves the oxidation 
resistance at 1 250 °C. 
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